. Moreover, adult rat brain 81 subunits can modulate multiple a subunit isoforms from brain, skeletal muscle, and heart (Patton et al., 1994; lsom et al., 1995; Makita et al., 1994; Cannon et al., 1993; Tong et al., 1993; Qu et al., 1995) . In contrast with 81 subunits, 82 subunits are only observed in neuronal sodium channels (Wollner et al., 1987) .
Formation of the disulfide-linked complex of a and 82 subunits occurs late in the assembly process and is correlated with insertion of the mature sodium channel into the cell surface (Schmidt and Catterall, 1986,1987) . Disulfide linkage to 82 subunits accompanies large increases in sodium channel density in developing brain and retina (Scheinman et al., 1989; Wollner et al., 1988) . Thus, 82 subunits may function as important regulators of sodium channel expression in neurons, but their structure and the molecular basis for their interactions with a subunits have been unknown.
Results

Cloning of a (12 cDNA
To define the structure of the 82 subunits, rat brain sodium channels were purified (Hartshorne and Catterall, 1984) , 82 subunits were isolated and separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Messner and Catterall, 1986; Reber and Catterall, 1987) , and the NH*-terminal sequence was determined to be MEVTVPT-TLSVL?GSDTR as described in the Experimental Procedures. Peptide fragments of the 82 subunit were prepared by digestion with trypsin or V8 protease, and amino acid sequences of seven peptides were determined (see underlined sequences in Figure  2B ). To verify that the NHn-terminal sequence was indeed that of the (32 subunit, a peptide was synthesized corresponding to amino acids 2-14 with W at position 13 and KY at the NH,-terminal end, coupled to bovine serum albumin, and used for production of a polyclonal antiserum as previously described (Gordon et al., 1988) . Antibodies from this serum recognized a single protein band in purified sodium channel preparations in the position of the 82 subunit ( Figure  1A ). current timecourseincell-attached macropatches. Each trace shows the mean currents elicited by depolarization to 0 mV from a holding potential of -140 mV for patches obtained from oocytes expressing a (n = 7 patches), a62 (n = 6) a61 (n = 5) and a6182 (n = 3). The mean currents were determined in each condition and then the records were normalized so that the peak currents were the same amplitude. Figure  4D ). In patches expressing a alone, the inactivation time course had two distinct components, a fast phase and a prominent slow phase that accounted for more than 50% of the current.
These different components of inacti- Figure 4C ). This concentration of 52 RNA caused only a 10% increase in membrane capacitance (
Figure 5B Figure  5C ). Up to a 4-fold increase in cell surface capacitance was observed with injection of 170 nglul 62 RNA ( Figure  5D ). Figure  7B ). A strong signal was observed in cerebral cor- time course of 82 mRNA expression in rat brain. Total cellular RNA was isolated from rat brain at embryonic days 9, 15, and 20 or postnatal days 2, 7, and 14 (lanes l-6). Northern blot analysis was performed using a 82 subunit-specific cRNA antisense probe as described in the Experimental Procedures.
tex and cerebellum, a band of moderate intensity was seen in hippocampus, and a very weak signal was detected in brain stem.
In contrast, 61 subunits are expressed comparatively uniformly in the brain regions tested ( Figure  78 ). Figure  7C ), in contrast with 81 subunits that are first detected after birth using comparable Northern blotting procedures (Patton et al., 1994) . The level of 62 mRNA remains relatively constant until birth and then rapidly increases to adult levels by postnatal day 14. Sodium channel a subunit mRNA is present in the brain at embryonic day 10 and greatly increases in amount following birth due to increased transcription (Scheinman et.al., 1989; Wollner et al., 1988; Beckh et al., 1989) . Neurogenesis in the rat central nervous system begins at embryonic day 9-l 0; axonal growth and synaptogenesis in-crease rapidly after birth and continue at a high level for 2-3 weeks. Therefore, 62 subunits appear together with a subunits during early neural development, and increased expression is observed during rapid neuronal growth and differentiation.
Discussion
Structure and Function of 82 Subunits in Sodium Channel Expression 62 subunits represent a class of ion channel auxiliary subunits with unique structural and functional properties. Although their transmembrane topology, extent of N-linked glycosylation, and predicted overall structure resemble the 61 subunits of sodium channels (lsom et al., 1992) , no contiguous sequence similarities are apparent in comparisons with 61 or with the auxiliary subunits of other ion channels (Isom et al., 1994) . Nevertheless, both 61 and 62 subunits increase the level of functional expression, shift channels to a fast gating mode, and shift the voltage dependence of steady-state channel inactivation to more negative membrane potentials. Association of a subunits with both 61 and 62 subunits is sufficient to cause a subunits to gate nearly entirely in the fast mode. These common effects of the two subunits indicate that formation of the native heterotrimeric sodium channel complex promotes cell surface expression and fast gating as observed in mature neurons.
32 subunits have several properties that distinguish them from 61 subunits. They are components of neuronal sodium channels, but not sodium channels from muscle tissues (Wollner et al., 1987) . They are linked to a subunits by disulfide bonds (Messner and Catterall, 1985) . A large intracellular pool of free a subunits is present in developing neurons, and disulfide linkage to 62 subunits is correlated with appearance of sodium channels on the neuronal cell surface (Schmidt and Catterall, 1986, 1987) . Evidently, the 61 and 62 subunits of sodium channels have separate functional roles in addition to their common effects on sodium channel gating mode.
A CAM Motif in 82 Subunits
Our results show that 62 subunits have two properties that are unique among ion channel subunits. First, they contain a CAM motif having an immunoglobulin domain with striking sequence similarity to contactinlF3. ContactinlF3 binds tenascin and related extracellular matrix proteins (Zinsch et al., 1992; Vaughan et al., 1994) . Its extracellular domain contains six immunoglobulin-like repeats followed by two fibronectin repeats and a transmembrane segment or glycosylphosphatidylinositol membrane anchor (Ranscht, 1988; Gennarini et al., 1989) . The first region of sequence similarity with 62 subunits is located at the COOH-terminal end of the third immunoglobulin repeat of contactinlF3 (Gennarini et al., 1989 ) within a 45 kDa peptide fragment that has been shown to contain the tenascin-binding activity (Zinsch et al., 1992) . The position of this sequence within the immunoglobulin fold is similar for contactin and 62. Thus, this sequence in 62 may be involved in interaction with extracellular matrix proteins related to tenascin. In most cell types in intact tissues, ion channels are immobilized and concentrated in specific locations. For example, sodium channels are highly concentrated in nodes of Ranvier in myelinated axons and in axon hillocks. Interaction of the CAM motif on the 62 subunit with extracellular matrix proteins may serve to immobilize sodium channels in nodes of Ranvier, axon hillocks, and other sites of high concentration in adult nervous tissue. The structure of 62 may define a class of ion channel auxiliary subunits that have extracellular CAM motifs and are involved in immobilization of ion channels in muscle, endocrine, and epithelial tissues as well as in neurons.
Expansion of the Cell Surface Membrane by p2 Subunits The second unique property of 62 is its ability to cause expansion of the cell surface membrane. Our capacitance measurements suggest that the surface area of the electrically contiguous cell surface membrane increases up to 4-fold in oocytes expressing 62. Our electron microscopic results confirm that the surface area of the plasma membrane microvilli is greatly increased and suggest that the large increase in cell surface membrane results from fusion of intracellular membrane vesicles. After injection of high levels of 62 RNA, the surface area of the microvilli is substantially expanded, while two major classes of intracellular vesicles, the cortical granules and the pigment granules, are greatly reduced in number. One intriguing hypothesis is that balanced expression of a and 62 increases sodium channel expression by stimulating fusion of intracellular transport vesicles containing sodium channels with the plasma membrane. In contrast, excess concentrations of 62 subunits may cause indiscriminant fusion of intracellular vesicles with the surface membrane of the oocyte, since both cortical granules and pigment granules are lost from the submembrane compartment.
Possible Role in Neuronal Development Expression of 62 subunit mRNA is detected in the earliest phase of neurogenesis in rat brain, and expression is greatly increased concomitant with axon extension and synaptogenesis.
Migrating growth cones and axons, which contain sodium channels, are thought to undergo progressive interactions with surrounding cells and extracellular matrix (Goodman and Schatz, 1993) . The striking similarity of the amino acid sequences of f32 and the neuronal cell surface adhesion protein contactinlF3 suggests that the 62 subunit may participate in cell-cell or cellmatrix interactions in development. ContactinlF3 is implicated in the regulation of neurite migration by interaction with tenascin (Pesheva et al., 1993) . ContactinlF3 expression is developmentally regulated in a pattern similar to the 62 mRNA with maximum expression in the mouse brain l-2 weeks after birth during the period of rapid axon extension and synaptogenesis (Gennarini et al., 1989) . These characteristics of contactinlF3 and the 62 subunit suggest that they may both serve as points of contact between the axon membrane and the surrounding extra-cellular matrix during axon extension and synapse formation.
Interaction of developing axons with oligodendrocytes during myelination has important effects on sodium channel regulation. Sodium channels are progressively localized to the nodes of Ranvier as myelination proceeds (Dugandzija-Novakovic et al., 1995) . Disruption of myelination by deletion of the myelin basic protein gene in the shiverer mutant mouse causes a dramatic up-regulation of type II sodium channel expression in the hypomyelinated fibers in the central nervous system (Westenbroek et al., 1992) . Oligodendrocytes express the tenascin homolog janusin, and the level of its expression is regulated by interactions with neurons (Jung et al., 1993) . Therefore, interactions between the contactin homology domain of the p2 subunit and tenascin in the extracellular matrix or tenascin-like proteins in the myelin sheath may play a role in these aspects of regulation of sodium channel localization and expression in myelinated axons.
Experimental Procedures
Purification and Amino Acid Sequence Analysis of the p2 Subunit Sodium channels were purified from rat brain (Hartshorne and Catterall, 1984) , separated from a and pi subunits (Reber and Catterall, 1987; Messner and Catterall, 1986) , further purified by SDS-PAGE, electroblotted to lmmobilon PVDF membranes (Isom et al., 1992) , and sequenced with an Applied Biosystems model 477A protein microsequencer.
To generate peptide fragments, p2 subunits were electroblotted to nitrocellulose, detected using Ponceau S, and digested in situ with trypsin or V8 protease (Aebersold et al., 1987; lsom et al., 1992) . The cleavage fragments were separated by HPLC and subjected to amino acid sequencing.
Cloning of the p2 Subunit cDNA The initial 82 cDNA was isolated by PCR from an oligo(dT)-primed rat brain library in hZAP II using degenerate oligonucleotides encoding residues 3-8 and 27-32 of peptide 5 as determined by amino acid sequencing (Isom et al., 1992) . The predicted 90 bp cDNA was gel purified, isolated, and sequenced, and the sequence was extended by one PCR reaction primed with a degenerate oligonucleotide encoding residues 2-7 of peptide 1 and an exact oligonucleotide corresponding to the last 17 nucleotides of the 90 bp cDNA and a second PCR reaction primed with an exact oligonucleotide and the pBluescript primer KS. The two extended PCR products were subcloned into pBluescript SK(+), random prime labeled with 11 -digoxigenin-dUTP, and used to screen duplicate lifts of the hZAP II rat brain cDNA library. A single clone (pp2.8a-1) was positive with both probes. It was subcloned and sequenced in both directions on an Applied Biosystems 373A DNA Sequencer.
Cloning of Genomic DNA Encoding the 82 Subunit A fragment of the 82 gene was isolated by PCR using DNA isolated from rat blood as template and oligonucleotides corresponding to the 5' and 3' ends of the 82 coding sequence as primers. The resulting 1400 nt PCR product was gel purified, subcloned, and sequenced in both directions.
Expression
in Xenopus Oocytes The putative precursor form and the mature forms of 82 were subcloned into the Xenopus expression vector pSP64T, linearized with EcoRI, and transcribed using the Ambion SP6 mMessage mMachine kit. Oocytes were isolated from pieces of ovary obtained from anesthetized female Xenopus frogs (Xenopus I, Ann Arbor, Ml) by treatment for 3 hr in 1.5 mglml collagenase (Sigma, type I) dissolved in OR2 (82.5 mM NaCI, 2 mM KCI, 1 mM MgCI,, 5 mM HEPES [pH 7.5)). Healthy stage 5-6 oocytes were transfered to Barth's medium (88 mM NaCI, 1 mM KCI, 0.82 mM MgSO&, 0.33 mM Ca(NO&, 0.41 mM CaCI,, 2.4 mM NaHC03, 10 mM HEPES [pH 7.41) supplemented with 50 Kg/ ml gentamicin and 5% fetal bovine serum and injected on the day after isolation with 50 nl of RNA solution. Electrophysiological recording was performed 2-4 days after injection using two-microelectrode and cell-attached macropatch voltage-clamp methods (McPhee et al., 1995) at room temperature.
Electron
Microscopy Oocytes were processed for electron microscopy using a protocol similar to that described by Kelly et al. (1991) . Thin sections were cut with a Reichari Om U2 ultramicrotome, collected on 200 parallel copper grids, stained with lead citrate, and examined with a Phillips 300 electron microscope at 80 kV.
Northern Blots Total cellular RNA was purified using TRlzol reagent (GIBCO BRL, Gaithersburg, MD). Northern blot analysis of 10 pg of each sample of total RNA was performed as described previously (lsom et al., 1995 
